Renewable energies are foreseen as a major energy resource for next generations. Among several energy sources and technologies available, Concentrated Solar Power (CSP) technology has a great potential, but it needs to be optimised, in particular to reduce the costs, with an increase of the operating temperature and long term stability. This goal can be achieved by tailoring the composition and multilayer structure of films. In this work we present and discuss the results obtained from solar absorber coatings based on nitride/oxynitride structures. A four-layer film structure, W/CrAlSiNx(HA)/CrAlSiNxOy(LA)/SiAlOx, was deposited on stainless steel substrates using magnetron sputtering deposition method. Simulations were performed to establish the best spectral properties of the multilayer stacks with optical constants of single layers and film thickness. The elemental analysis was performed using Rutherford Backscattering Spectrometry (RBS) and Time of flight Elastic Recoil Detection Analysis (TOF-ERDA). To assess the thermal stability of the coatings the samples were thermal annealed at 400°C, in air, and at 600°C, in vacuum. The results obtained by RBS and TOF-ERDA reveal good oxidation resistance and thermal stability. Also, the optical measurements confirm the potential of these materials for the use in CSP technology.
Introduction
Concentrated solar power (CSP) technology for electricity production and other applications uses parabolic-trough solar systems, that concentrate sunlight up to 80 times onto evacuated receiver tubes. These tubes contain some improved coated selective layers that are responsible for the absorption of solar thermal radiation. Resulting energy can be subsequently used in steam turbines to produce electricity [1] [2] [3] . However, comparing with other resources, the relative cost of electricity generated by solar thermal technology is still high. The cost can be reduced by improving the optical and thermal properties of the coating materials, increasing the operating temperature more than 450 ºC [4] and by improvements of the long-term stability. Improvements can be done by an adequate materials selection [5] , maintaining the optical performance at higher temperatures and with higher durability. Efficient designs should have high absorbance (α) at solar radiation region (wavelength range of 0.3-2.0 µm), low thermal emittance in infrared (IR) region (wavelength range greater 2.0 µm) and long-term resistance against oxidation and barrier diffusion at high temperature.
Usually, the absorbers are multilayers coating that consist of IR-reflective metallic base layer such as tungsten or molybdenum, a double interference absorption (high absorber (HA) and low absorber (LA)) layers and a ceramic anti-reflection (AR) surface layer [6] [7] [8] . One of the main causes for optical degradation of the coating is surface oxidation due to the penetration of oxygen into the coating -substrate interface, through pinholes, which cause a change in the optical properties and oxidation of the nitride and back reflector layers . On the other hand, the metal atoms of the substrate may diffuse through the coating, which causes degradation of the optical properties and deterioration of coating adhesion.
Rutherford Backscattering Spectrometry (RBS) and Time of flight Elastic Recoil Detection
Analysis (TOF-ERDA) can be used as effective techniques to study the elemental depth profiles, chemical composition and stability issues of such these coatings, since those techniques depend on the atomic number and mass of elements, which make the analysis more efficient than other techniques [9] . For example, there are a lot of challenges and difficulties in studying thermal stabilities and elemental diffusion between stacks layers. Moreover, using RBS and TOF-ERDA is main challenge, due to the thicknesses of the multilayers of stacks, e.g. in this study, if tungsten layer thicker than 200 nm, then RBS analysis will fail to distinguish between chromium (Cr) and tungsten (W) in the spectra. In this paper, we present and discuss the results obtained from solar absorber coatings based on W/CrAlSiNx(HA)/ CrAlSiNxOy(LA)/SiAlOx, which were deposited on stainless steel substrates using the magnetron sputtering deposition method.
The chemical composition and depth profiles were determined using RBS and TOF-ERDA, with the aim of understanding the oxidation, diffusion of metallic elements and thermal stability issues of such these designs
Experimental
The layers of the optical stack were deposited by dc magnetron sputtering with following conditions: P Ar =0.37 Pa, current density 6.4 mA/cm 2 Then, spectrophotometry measurements (Shimadzu PC3100 spectrophotometer), in the wavelength range of 0.25 -2.5 µm, were used to measure the transmittance and the reflectance of the layers. The reflectance data were corrected according to the Al -reference reflectance curve. Results were used to simulate the optical constants and thicknesses of the optical stack using SCOUT software [10] . The final multilayer stack was deposited on stainless steel substrates with experimental details shown in Table I . Then, the stacks were annealed in air at 400 ºC for 650 h and in vacuum at 600 ºC for 50 h and 650h respectively. Normal solar absorptance (α s ) and thermal emittance were determined using the procedure described in [11] .
Thick CrAlSiN x and CrAlSiN x O y layers were deposited on and Si mirror polished substrates.
As already mentioned, the chemical composition of stack (as deposited, after air and vacuum annealing) was determined by using RBS and TOF-ERDA measurements. RBS was performed at the CTN/IST Van de Graaff accelerator using 2 MeV 4 He + beam and detectors at 140º and 165º to the beam direction. Normal incidence was used in the experiments and the obtained data were analysed with the IBA Data Furnace NDF [12] . Atomic composition and depth profiles of all elements present in the sample were determined using TOF-ERDA which is described in detail in [13] . TOF-ERDA measurements were performed using 6 MV Tandem Van de Graaff accelerator located at Ruđer Bošković Institute. For the measurements 20 MeV 127 I 6+ ions with 20° incidence angle toward the sample surface and TOF-ERDA spectrometer positioned at angle of 37.5° toward the beam direction were used. Analysis of TOF-ERDA spectra was done using program Potku [14] and MCERD [15] . Fig. 1 shows a scheme of the theoretical stack designed by SCOUT software using optical constants of individual thin layers that were deposited on glass substrates. SCOUT allows the calculation of the spectral optical constants, refractive index (n) and extinction coefficient (қ), besides the thickness of each individual layer. as also confirmed by X-ray diffraction (XRD), as already reported [11] . Remaining layers are amorphous and reveal a featureless morphology as shown by single layers studied previously [16] . The final design shows simultaneously high solar absorbance in average α= 95.2 % and low emissivity ε= 9.8 % (calculated for 400 ºC).
Results and discussion

Design of the multilayer
Thermal stability
Selective absorber stack should be thermally stable and should show high oxidation resistance for a long lifetime. Thus, annealing tests in air at 400 ºC and in vacuum at 600 ºC for 650h were performed to study the thermal stability and the oxidation resistance of the stack. Fig. 2 represents the reflectance curves of as deposited stacks and stacks after annealing, respectively.
From those results it can be concluded that the optical stack is showing a good thermal stability, except the existence of a very small shift in the step of the reflectance curve towards lower wavelength for the vacuum annealed case. These changes were seen after the first vacuum annealing step (50 h) but no significant further changes were found with subsequent anneling steps until 650 h. As a result, the values of solar absorptance and emittance show a very small variation due to that shift. Small changes after annealing can be related to the oxidation of some Si atoms, or it can be related to the diffusion of layer elements (such as the diffusion of Cr CrAlSiN x O y layers are substoichiometric in terms of (N+O)/(Cr+Al+Si) atomic ratio [16] , which means that some of Cr atoms are in metallic oxidation state [16] , because Cr are less reactive than Al and Si, and can diffuse towards the surface. The substoichiometry of those layers are due to required optical properties of HA and LA layers. The general evaluation shows that no other significant changes occurred after annealing in vacuum and air. So, a diffusion barrier layer should be added between stainless steel substrate and tungsten layer to reduce diffusion between these layers. In order to avoid the Cr diffusion it will be necessary to change the (Al+Si)/Cr ratio. This is related with the possibility to get the same optical properties of two absorbing layers, but
having CrAlSiN x and CrAlSiN x O y layers stoichiometric in terms of (N+O)/(Cr+Al+Si) atomic ratio, because they would be more chemically stable and would have better diffusion barrier properties. Fig. 4 -RBS spectra (with 165° scattering angle) of the as deposited stack, after air annealing at 400 ºC and vacuum annealing at 600 ºC, both for 650 h. Figure legend shows a magnified spectra of after air and vacuum annealing with linear background, which emphasizes the presence of Cr on the sample surface from the stack after vacuum annealing.
TOF-ERDA measurements allowed to determine the concentration depth profiles of all the elements in the three samples. Monte Carlo (MC) simulations [15] were used to find the best fits between the elemental energy spectra extracted from TOF-ERDA measured data and the simulated energy spectra taking in the account all the details of the experimental setup and the multiple scattering effects in the recoiling process. oxynitride. However, this difference was not seen in RBS analysis of thick single layers (Fig.3) , which would be sensitive to such a reduction. The RBS data of the stack samples (Fig. 4) , however, is not very sensitive to the (Al+Si)/Cr ratio, because this layer is thin and not at the surface. The TOF-ERDA composition results for that ratio were used in the fits shown in Fig. 4, showing consistency of the two sets of data.
Small differences in the thicknesses of the layers were found, which can be due the positioning of the samples during the deposition. Hydrogen, carbon, and argon were observed as impurities in the three absorber layers (see fig 5) . Their atomic concentrations were below 3% in all the layers in all the samples. Hydrogen and argon concentrations decreased significantly in the annealing treatments. 
Conclusions
Magnetron sputtering method was used to fabricate solar thermal absorber stack, which can be used for high temperature applications. The designed structure was simulated by the SCOUT software, that is a multilayer of four structural layers (W/CrAlSiN x /CrAlSiN x O y /SiAlO x ), as back reflector/ high absorber/ low absorber/antireflector layers, respectively. Experimental design shows simultaneously high average solar absorbance α=95.2% and low emissivity ε= 9.8% (at 400 ºC) together with the high thermal stability during annealing in air at 400 ºC and in vacuum at 600 ºC for 650 h. RBS and TOF-ERDA analyses were efficiently used to obtain the chemical composition and elemental depth profile of the solar thermal absorber stack.
Measurements have shown that a small amount of W diffused during annealing toward stainless steel substrate, and at the same time Cr diffused from the nitride and oxynitride layers toward the surface. The reason is certainly the substoichiometry of those layers in terms of (N+O)/(Cr+Al+Si) atomic ratio. Thus, those layers have part of the Cr atoms in metallic oxidation state, which favours the diffusion. Optical changes were seen after the first vacuum annealing step (50 h) but no significant further changes were found with subsequent anneling steps until 650 h, which suggests that this Cr diffusion can be limited to those Cr atoms in the lower oxidation state. In order to minimize the W diffusion to add a diffusion barrier layer between the stainless steel substrate and the tungsten layer will be necessary. On the other hand, to avoid the Cr diffusion it will be necessary to increase the stoichiometry of CrAlSiN x and CrAlSiN x O y layers while maintaining their optical properties.
